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Abstract

Objective Decompressive hinge craniotomy (DHC) is an alternative treatment option to decompressive craniectomy (DC)
for elevated intracranial pressure (ICP). The aim of this study was to characterize the difference in pressure—volume relation-
ship between DHC and DC.

Methods We compared the intracranial pressure—volume relationship in a human cadaver model following either DHC, DC,
or fixing of the bone plate by titanium clamps. We inserted an intracranial expandable device in two human cadaver speci-
mens, performed either DHC, DC, or bone plate fixation, and gradually increased the intracranial volume while measuring
ICP. Following DHC, we also performed CT-scans at pre-defined intervals.

Results Before ICP exceeded a threshold of 20 mmHg, a fixed bone plate tolerated an increase of 130 ml of intracranial
volume, while DHC and DC allowed an increase of 190 ml and 290 ml, respectively. CT-derived calculations following
DHC determined that the increase in intracranial volume at ICP 22 mmHg was 65 ml, the maximal increase of intracranial
volume was 84 ml, the maximal bone displacement was 21 mm, and the bone plate volume to be 82 ml. Manual stress test
of the hinged bone plate did not allow misalignment or intracranial displacement of the bone plate.

Conclusion DHC increases the intracranial volume by up to 84 ml and allows for approximately 60 ml increase of intrac-
ranial volume before ICP exceeds 20 mmHg. This indicates, when comparing with results from previous studies of hernia-
tion volumes, that DHC will be sufficient in many patients with head injury or cerebral infarction with treatment refractory
intracranial hypertension.
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Introduction

Decompressive hinge craniotomy (DHC) is a promising sur-
gical technique to supplement the surgical decompressive
treatment options for medically intractable elevated intrac-
ranial pressure and impending cerebral herniation follow-
ing traumatic brain injury (TBI) or middle cerebral artery
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infarction. Specifically, DHC eliminates the need for a sub-
sequent cranioplasty, a procedure with a high complication
rate (up to 31% [18]). Other advantages of the technique is
the reduction of frequent complications related to conven-
tional decompressive craniectomy (DC), such as hygroma
formation, sunken skin flap, hydrocephalus, and syndrome
of the trephined [10]. DHC is likely to reduce axonal strain,
a process suggested to lower functional outcome in patients
treated with DC [11].

DHC allows an expanding cerebral mass lesion to dis-
place a hinged bone plate outwards, thereby increasing the
intracranial volume. The procedure, like DC, interrupts the
normal pressure—volume relationship of the closed skull
following an expanding mass lesion. DHC is a proposed
alternative to DC in some cases; however, the pressure—vol-
ume relationship of this procedure has yet to be described
or compared to DC.
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The aim of this study was to investigate the volume of
decompression and the intracranial pressure—volume rela-
tionship following DC and DHC, respectively. We used a
human cadaver model with an implanted expandable sizer
to simulate a patient with a gradually increasing mass lesion
and measured ICP during expansion of the sizer after DC,
DHC, and when fixing the bone plate to the cranium.

Methods
Surgical procedure

DHC

Several surgical techniques have been described, some
involving surgical hinging by plates or sutures [5], others
have used “hinging” to the temporalis muscle [2], and in
some cases a “floating” unhinged cranial plate has been
utilized [4].

In our clinical practice, the bone plate is fixed by a 5 to
7 cm long flexible titanium mesh (1.3 screen plate, Dupuy
Synthes) anchoring the bone plate to the skull, approxi-
mately 1-2 cm parasagittal to the midline (see Fig. 1). The
titanium mesh was tested for fatigue during 2.5 million

Fig.1 Simple hinge crani-
otomy procedure. A Parasagit-
tal hinge approximately 7 cm
placed between bone plate and
skull. B Anterior view of DHC
potential bone plate displace-
ment following brain edema.

C Inferior view of DHC bone
plate displacement allowing its
maximal displacement over the
temporal lobe thereby reduc-
ing uncal herniation. D The
convex structure of the bone
plate in conjunction with the
hinge function does not allow
the bone plate to be displaced
intracranially when brain edema
subsides. No cranioplasty is
therefore needed
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micromovements exerted by pulsation of the brain in a
construct simulating DHC (Synthes GMBH, Material and
Testing, Oberdorf, Switzerland, supplementary material).
The skin incision and bone removal are the same as in a
standard decompressive craniectomy—allowing the surgeon
to choose between hinging the bone plate and removing the
bone during the procedure. The hinging of the bone plate at
the parasagittal aspect causes the maximal displacement of
the bone plate to be located over the temporal lobe, thereby
reducing the risk of uncal herniation. The convex shape of
the bone plate in conjunction with the rigid hinge prevents
the bone plate from being intracranially displaced. No crani-
oplasty or other surgical reconstruction is therefore needed.

Human cadaver procedures

In order to evaluate the decompressive hinge craniotomy
efficacy and clinical applicability, we performed the hinge
craniotomy on two separate intact human cadaver head spec-
imens, one frozen freshly thawed specimen and one alcohol
preserved specimen. In both specimens, we expected the
compliance of the galea and soft tissue layers in the myocu-
taneous flap to be the limiting factor for decompression.

In both specimens, we performed three separate proce-
dures: first a standard DC, second a DHC, and third, we
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fixed the bone plate with three titanium clamps (CranioFix,
B. Braun). A large hemicraniectomy involving the fronto-,
parietal-, and temporal bones was performed approximately
1.5 cm from the sagittal suture and to the floor of the middle
fossa, measuring 17 by 13.5 cm and 16 by 12 cm, respec-
tively. In all cases, the dura was opened in a stellate fashion
and left in situ on top of the sizer. Each procedure was per-
formed in succession unilaterally on each cadaver using the
same skin opening, bone plate, and skin suture technique.

ICP measurement

We implanted an ICP-measuring sensor (Codman Micro-
sensor) in each cadaver ipsilateral to the surgical procedure
with the sensor tip placed approximately 2 cm inside the
brain parenchyma. To simulate a real-life cerebral swelling,
we implanted an expandable sizer (used in plastic surgery
to estimate breast implant size), which was fitted on top of
the cerebral cortex after the dural opening, and a tube was
led to an external saline solution. The bone flap was either
removed (DC), attached with a hinge (DHC), or fixed by
titanium clamps (Craniofix, B. Braun) (see Fig. 2). The skin
(but not the galea) was closed with running ethilon nylon
sutures. After performing each procedure, the sizer was
gradually injected with 10 ml saline solution and an ICP
value was recorded simultaneously. Volume expansion was
continued until ICP reached 50 mmHg or until maximum
capacity of the sizer (see Fig. 2).

In our lab, we first performed all three procedures on both
cadaver heads. At a separate occasion, we repeated measure-
ments following all three procedures two additional times,

Fig.2 Cadaver procedures. A
Lateral view of hemicraniec-
tomy. The expansion device
(implant sizer) is placed on

top of the right hemisphere. B
Superior view of DHC. Par-
asagittally placed hinge. Also
visible is the ICP sensor and the
external line to the expansion
device. C Postero-superior
view of the fixed bone plate. D
Postero-superior view following
skin sutures

in random order, in our alcohol preserved specimen. Due to
the rapid decay of unfixed brain tissue, our freshly thawed
human cadaver was unavailable for further laboratory work.
We conducted the procedures again and in random order to
avoid bias from changing tissue compliance or dehydration.

CT derived volume calculations

To investigate the volume expansion that was attainable with
DHC, we performed the volume expansion while performing
CT scans at intervals.

CT scans were performed on a Siemens Somatom Defi-
nition (Scanning settings 120 kV, 075 slice thickness, pitch
factor 0.6 mm, reconstruction algorithm H60f (sharp), pixel
size 0.57 mm) and were then analyzed using the Mimics
software (Materialise). Intracranial volume was calculated
for each scan at intervals by 3D segmenting the brain and
the bone plate. At 3D segmentation, the maximal distance
from the temporal cranial bone in the middle fossa to the
most displaced part of the temporal edge of the bone plate
was also measured (see Fig. 3).

Stress test of DHC bone plate

A concern regarding the DHC technique is whether adher-
ing the bone to the skull only at the parasagittal aspect, and
removing further temporal bone over the middle cranial
fossa, might allow the bone plate to be displaced intracra-
nially, when brain edema subsides and outside forces are
applied. We tested if the bone plate might displace, or the
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Fig.3 3D segmentation of the
CT scanning and of the bone
plates at different intervals. The
bone plate is colored in different
colors, depicting the gradual
displacement of the bone plate

edges of the bone plate might misalign to the skull edges,
following lateral displacement of the bone plate. We tested
this by first displacing the plate laterally and afterwards
allowing the plate to spontaneously return to its position. We
then manually exerted force on the bone plate by more than
40 kg (392 Newton) in the anterior, middle, and posterior
areas, respectively, of the bone plate. The stress was exerted
by applying force with three fingers, previously recorded
to exert force by more than 40 kg or 392 Newton. We then
scrutinized the bone plate for placement, hinge plate integ-
rity and for screw pull-out (Fig. 2).

Results

Pressure-volume results

Measurements from both cadaver specimens indicated
significant decompressive effect of the hinge craniotomy

ICP versus added intracranial volume
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Fig.4 Mean ICP measured in mmHg plotted against added intracra-
nial volume measured in milliliters
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compared to rigid fixation of the cranial plate. There were
no difference in intracranial pressure/volume relation-
ship development between the freshly thawed or alcohol-
preserved specimen. In the DHC model, ICP increased
slowly, until reaching a threshold, where minor volume
expansion resulted in severe ICP elevation (see Fig. 4).
The DHC model tolerated a mean volume expansion to
190 ml before ICP increased over 20 mmHg, whereas the
fixed cranial plate tolerated only 130 ml. In comparison,
the DC model tolerated 290 ml before ICP increased to
more than 20 mmHg (see Table 1).

CT derived volume results of DHC

3D models from CT scans of the DHC model showed that
increasing the intracranial volume displaced the bone plate
outwards (see Fig. 2). The most displaced point of each bone
plate was 16 mm and 21 mm, respectively (see Table 2). By
calculating the intracranial volume in each scan as the tem-
poral bone was displaced, we concluded that DHC allows
for an increase in intracranial volume of maximum 77.1 ml
and 84.1 ml, respectively. Notably, the calculated increased

Table 1 Mean ICP development while gradually increasing the added
saline volume in 40 ml increments in a fixed plate, a hinge craniot-
omy, and a craniectomy cadaver model

Volume expansion Fixed plate, Hinge craniotomy, Craniectomy,

from baseline, ml ICP, mmHg ICP, mmHg ICP, mmHg
0 55 33 43
40 7.0 37 5.0
80 9.5 5.0 5.7
120 18.5 9.0 6.7
160 31.5 15.7 7.0
200 43.0 253 9.3
240 >50 37.3 12.7
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Table 2 Shows mean ICP,

. ’ Baseline volume, ICP, mmHg Calculated intracranial Calculated gained Mean temporal
mean calculated mtracran.lal ml volume, ml volume, ml distance, mm
volume, the calculated gained
intracranial volume by CT, and 0 1425 0 0
the mean tgmpora} distance 55 3 1426 2
corresponding to incremental
increases in added saline 155 1461 36 6
volume in DHC cadaver models 230 22 1490 65 11
280 39 1502 78 13
300 51 1505 81 15

intracranial volume at ICP 22 mmHg was 65 ml. The calcu-
lated bone plate volume was 82.3 and 75.9 ml, respectively.

DHC stress test results

When displacing the DHC bone plate laterally and allowing
it to remigrate spontaneously, the plate did not displace. The
bone edges of the skull defect are continuous and more than
5 mm thick for about 70 to 80% of the circumference of
the bone plate. Only temporal, over the floor of the middle
cranial fossa, does the bone edge become very thin, and the
anterior temporal bone of the circumference is removed,
to decompress the temporal lobe. Subsequently, the bone
plate, when hinged, rests on the bony edges of the circum-
ference. Much like a pot’s lid, it is not capable of displacing
inwards. When applying direct manual pressure exceeding
392 N to the anterior, middle, and posterior part of the bone
plate, it did not cause the bone plate to displace or misalign.
We did not register any signs of titanium plate failure or
screw pull out.

Discussion

In this study, we found the volume gain after DC to be larger
than after DHC. This suggests that DHC may provide insuf-
ficient decompression, when treating raised ICP. However,
several studies have shown similar effects of DHC and DC in
lowering ICP post-operatively [2, 5-7]. Most notably, Kenning
et al. retrospectively reviewed 20 patients treated with DHC to
30 patients treated with DC and found no difference in post-
operative ICP control or early clinical outcomes [7].

Horsfall et al. in their scoping review of many minor ret-
rospective studies of different types of dynamic or hinged
craniotomies, found them sufficient in handling most cases
of elevated ICP [10].

Our results show that DHC allows for approximately
60 ml of additional intracranial volume compared to a
fixed bone plate while maintaining an ICP threshold below
20 mmHg. CT-derived calculations found DHC to increase
intracranial volume by 65 ml at ICP 22 mmHg. At the same

threshold (20 mmHg), however, a DC allows for 160 ml
of volume expansion compared to a fixed bone plate. The
reduced decompressive volume of DHC compared to DC is
partly explained by the volume of the bone plate of approxi-
mately 80 ml. It is also of importance that a volume expan-
sion of 200 ml in the DHC experiment only increased the
ICP to 25 mmHg (compared to ICP of 43 mmHg with a
fixed bone plate).

Abode-lyamabh et al. found an average herniation volume
of 11.1 ml in their study of cerebral herniation following
hemicraniectomy of patients suffering from TBI, when com-
paring pre- and post-operative CT scans. Of the study’s 56
patients, only 2 patients had a herniation volume exceeding
50 ml [1].

In a similar study, Stoner et al. found that cerebral her-
niation following ischemic infarction and hemicraniectomy
resulted in an average herniation volume of 39.5 ml and
only 2 out of 20 patients had an average herniation volume
exceeding 65 ml [16].

These studies indicate that the cerebral herniation volume
following cerebral infarction or TBI is within the capacity of
volume expansion achieved from DHC.

To our knowledge, the present study is the first to char-
acterize the differences in the pressure—volume relationship
between a fixed bone plate, DHC, and DC and the first to
simulate the decompressive effect by measuring the pres-
sure—volume relationship in a complete human cadaver
model including brain parenchyma, cranium, galea, muscle,
subcutaneous tissue, and skin.

Khanna et al. [8, 9] conducted cadaver studies testing
pressure—volume relationship for cadaver skulls follow-
ing decompressive hinge craniotomy and a novel dynamic
bone plate fixation device. Their studies found significant
decompressive effect using both techniques. Their study
was performed on cadaver skulls without extracranial soft
tissue, which we consider the major limiting factors for
bone plate displacement.

Following DHC, the major limiting factor for volume
expansion is the extracranial soft tissue. The skin, galea,
and muscle are able to expand, when exposed to mechanical
stress, a trait also known as mechanical creep [17]. This trait

@ Springer



276

Acta Neurochirurgica (2023) 165:271-277

is often exploited by inserting expanders for reconstructive
surgery [13]. However, mechanical creep does not seem to
be in effect in human cadavers [14], implying that our short
term study might underestimate the in vivo decompressive
efficacy of DHC, especially if a moderate ICP is allowed to
exert mechanical stress to the skin flap.

Cadaver studies have obvious limitations: the physiologi-
cal responses to an elevated ICP of cerebral blood perfusion,
venous drainage, and CSF displacement, which account for
the initial accommodation of an increasing intracerebral
mass lesion are unaccounted for. However, these responses
are often depleted at the time when decompressive surgery
is performed.

Our study also omits the physiologic function of pulsa-
tive ICP, another aspect of interest following decompressive
surgery. The effect of DC on ICP amplitude and waveform
is well described from in vivo studies [3, 12] and is difficult
to mimic in human cadaver studies. Perhaps, pulsatile ICP
movement might also increase displacement of the bone
plate following DHC. Decompressive surgery changes a
vast aspect of the cerebral dynamics including ICP com-
pliance, oxygenation, and interstitial fluid diversion, and
it is not certain than an extrapolated ICP threshold level
of 20 or 22 mmHg following decompression is of clinical
significance. Sauvigny et al. in their retrospective study of
patients treated with DC found a time-dependent threshold
level between 10 and 17 mmHg in their group with a favora-
ble outcomes [15].

Our study is limited by the limited sample size (n=2),
providing no basis for advanced statistical analyses, includ-
ing corrections for anatomical variations of cranium and
brain. This study seeks to give insight into the relative dif-
ference in volume gain and intracranial pressure/volume
relationship from different techniques of decompression of
the same cranium and brain specimen. To demonstrate the
reproducibility of our findings, we performed the same pro-
cedures in different orders at another time, in our alcohol-
preserved specimen.

Conclusions

DHC increases the intracranial volume by up to 84 ml by
a gradual displacement of the bone plate when ICP rises.
Compared to rigid bone plate fixation, DHC allows for an
increase of up to 60 ml, in intracranial mass lesion volume,
before ICP rises to threshold levels. DHC therefore appears
to be a viable surgical treatment option, as an alternative to
DC, in cases where extreme brain edema is not obvious at
the time of surgery, or imminent.

Supplementary Information The online version contains supplemen-
tary material available at https://doi.org/10.1007/s00701-022-05409-1.
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